We study the possibility of testing some generic properties of Brane-World scenarios at the LHC. In particular, we pay attention to KK-graviton and branon production. Both signals can be dominant depending on the value of the brane tension. We analyze the differences between these two signatures. Finally, we use recent data in the single photon channel from the ATLAS collaboration to constraint the parameter space of both phenomenologies.
This proposal, known in the literature as Brane World, opened a new range of theoretical approaches and experimental possibilities to test the existence of new spatial dimensions. On the one hand, the size of the extra dimensions is much less constrained than in the old Kaluza-Klein (KK) theories. On the other hand, the lower gravitational fundamental scale allows to analyze the hierarchy problem from a completely different perspective. Finally, the aspect that has made these as attractive models and explains the large number of papers appeared in the last years, is the rich phenomenology presented in accessible sensitivity ranges to present or future experiments.
The existence of extra dimensions leads to new degrees of freedom. The propagating gravitons along the additional space develop a tower of KaluzaKlein (KK) excitations from the four dimensional point of view. On the other hand, the presence of the brane gives rise to the existence of another type of fields. These models predict the existence of branons, particles associated to fluctuations of the brane in the extra dimensions. The phenomenology associated with these two types of new particles has been studied in different works. Specifically, these studies have focused on potential signatures at particle accelerators (through real [4] or virtual [5] processes), astrophysical [6, 7] and cosmological [8] observations. The study of KK-gravitons allows to constraint the number and size of extra dimensions under different assumptions. The analysis of branons restricts fundamental features of brane (such as its tension) an local properties of the bulk space.
Settings of the Brane-World scenario
The study of gravitational phenomena at the LHC is well established under the assumption of extra dimensions. In particular, one of the most popular possibilities is the so called Brane-World scenario (BWS). The original idea was proposed by Rubakov and Shaposhnikov [2] , but more recently ArkaniHamed, Dimopoulos and Dvali, and also Antoniadis [3] , introduced the so called ADD scenario where the SM fields (or any suitable extension of it) are confined (through some unspecified mechanism) to live in a 3 dimensional brane (the World brane) while the gravitational field lives in the whole D dimensional bulk space. The extra dimensions are assumed to be compact and the World Brane has a tension τ = f 4 (f is the brane tension parameter). Its thickness depends on the underlying physics producing the brane but at relatively low energies it can be safely neglected. Thus the main idea of the Brane-World scenario is to assume that our usual 1 + 3 dimensional world is some sort of three dimensional object (the brane) living in a higher D dimensional bulk space M D with d additional spacial dimensions so that D = 4 + d.
In order to introduce some important concepts that we will be using later, we will split the D manifold as
where M D is called the bulk space and M 4 is the standard 1 + 3 dimensional space-time brane manifold. In particular, we can take M 4 to be the 4-dimensional Minkowski space. The extra dimension space K d will be assumed to be compact, which in particular means that it is a finite volume manifold. Now we introduce the coordinates
). Also we choose the bulk-space metric G M N with signature (+, −, −, −...) so that
where the metric γ is positive definite and, according to the compactness of
For simplicity, we now consider a free real scalar field Φ of mass M propagating in the bulk with action
The corresponding Euler-Lagrangian (Klein-Gordon) equation is
where the D dimensional d'Alambert operator is defined as
The d'Alambert operator can be written as
where obviously d is the d'Alambert operator on K d and it is positive (i.e. it has positive eigenvalues). Introducing a complete set of orthonormal functions Y n = Y n (y) on K d , which are solutions of the Klein-Gordon equation
we have that, due to the compactness of K d , the spectrum λ n is discrete. In addition, we can normalize the Y n (y) functions so that
Probably the simplest example of this setting is the d dimensional torus
On each circle S 1 we introduce the coordinate y m which clearly is periodic in the sense that y m and y m + 2πR represent the same point (R is the common radius of the circles). Thus we can consider only y m values lying in the interval y m ∈ [0, 2πR]. The volume of the torus is
is just the d dimensional Laplace operator. Its eigenvalues λ n can be labeled by a set of d integers n = (n 1 , n 2 , ..., n d ) and they can be easily found to be
and the corresponding eigenfunctions are
Notice that λ 0 = 0 (Y 0 = 1/ √ V T ) but, for n = 0, λ n goes as 1/R 2 . In the general case we can expand the bulk field Φ in terms of the Y n (y) as follows:
This is the so called Kaluza-Klein (KK) expansion, and plugging it in the Φ action one gets
where
For the case of the torus we have
where φ (n 1 ,n 2 ,...,n d ) (x) are the KK modes for the Φ field. They can be considered M 4 fields with masses:
For the simple case d = 1 and M = 0, φ 0 becomes a real zero mode. Notice also that for n = 0 the KK modes are complex and massive even when M 2 = 0 (no mass term on the bulk for the Φ field). Also since Φ is a real field as Y * n (y) = Y −n (y) we have φ * n (y) = φ −n (y). Thus the complex conjugate of some KK mode represent the same mode propagating in the opposite direction of the T d internal space.
In the general case a real bulk scalar field Φ(X) is equivalent to a KK tower of massive complex M 4 fields φ n (x) with masses M 2 n = M 2 + λ n . At low energies E << 1/R (R being the typical size of the extra dimensions i.e. V K ∼ R d ) only the real zero mode survives. However, at higher energies more and more KK modes become relevant and must be taken into account.
Note that even if the size of the extra dimensions is too small to be directly observable, their existence could be probed by detecting these KK modes of the effective four dimensional theory. The spectrum of the KK tower will give us information about the geometry of the internal space. At low energies only zero modes can be excited (dimensional reduction).
Gravitons
According to the general idea that our universe is a 3 brane, i.e. a 3-dimensional smooth object living in a higher dimensional space (the D dimensional bulk space) and using the notation introduced above it is very easy to find that
where M D is the D dimensional Plank scale defined. Thus, the EinsteinHilbert action is given by
where we have introduced the bulk cosmological constant Λ D . Obviously, M P = M 4 (we are using = c = 1 units), so that M P ≃ 1.2 × 10 19 GeV. One of the important points of original idea of the ADD scenario is to have R large enough so that the D dimensional Plank mass M D (the fundamental scale of gravity) could be of the order of the T eV scale, thus solving, or at least putting in a completely new setting, the hierarchy problem since for v ≃ 250 GeV being the electroweak symmetry breaking scale we could have
Therefore, the huge hierarchy is produced by the large volume of the extra dimension space
13 cm, which is ruled out by our knowledge of the Newton law at the Solar System scale. For d = 2, R ∼ 0.1 mm, which is close to the experimental limit coming from the study of possible deviations from the Newton law at the sub millimeter scale. For d ≥ 3, R must be of the order or smaller than 10 −7 cm, which in principle is well below any experimental constraint. The simplest action describing the ADD model is
where M 4 is the brane world-sheet with coordinates x µ , L SM is the SM Lagrangian defined on M 4 , Φ represents all the SM fields and the last term is just the Nambu-Goto action for the brane. Any point on M 4 will have bulk coordinates
. Then the interval on this 4 dimensional manifold is given by
The g In order to study some of the properties of this model, and for other reason that will be explained at the end of this section, we will concentrate mainly on the simple case M D = M 4 × T d . Notice that in particular this means that we are neglecting any brane fluctuation so this can be understood as a case of having the brane tension scale f much larger than the other relevant scales in the system. In the next section we will consider the effects produced by these brane fluctuations for lower values of the tension parameter f (flexible brane case). Now, in order to study the graviton excitations, we write the bulk metric as
/4π is the reduced fundamental scale and h M N (x, y) is the bulk graviton field. The normalization is chosen so that the corresponding action at the lowest order is the canonical one
The graviton field can be KK expanded as
where h
are the KK modes for the graviton field with masses
Therefore, in addition to the usual massless graviton, we will have an infinite tower of complex massive gravitons. One important observation here is that the gap or mass distance between two consecutive massive gravitons goes as △M ∼ 1/R. This means that for large enough extra dimensions the KK graviton spectrum can be considered as almost continuous. As we will see later this is an important fact that opens the possibility of producing gravitons in a detectable rate under some conditions. Thus, the massless zero mode graviton h µν (x) has a whole tower of massive KK partners, h n µν (x) which are massive J = 2 fields with 5 physical polarization states. The additional degrees of freedom come from a sort of Higgs mechanism, present in Kaluza-Klein theories, where the field h n µν (x) eats some of the extra dimensional excitations producing the tower of massive J = 2 KK modes. The effective Lagrangian describing the free evolution of these massive fields can be taken to be the well known Fierz-Pauli action (26) where, for example, n should be understood as n = (n 1 , n 2 , ..., n d ) in the torus case. In particular,
The Above action naturally leads to the set of equations
Here the first two equations are the five constraints that reduce the original degrees of freedom of the symmetric tensors h µν(n) from ten to five and the last one is just the Klein-Gordon equation expected for free massive bosons. Now, in order to study the interaction between massive gravitons and the SM particles we start from the SM piece of the ADD action
and then we expand it around the η µν Minkoskian (M 4 ) brane metrics
But in our setting we have
and the SM energy momentum tensor is
Therefore, the S SM action can be split as the usual SM action in flat spacetime M 4 plus an interacting term S int given by
Or using the relation between the D dimensional fundamental scale of gravity M D , the Plank scale M P and the KK mode expansion for the graviton fields
according to the expectation that SM and graviton interactions are suppressed by the Planck mass. From this action, following the standard procedure, it is possible to obtain the Feynman rules for the different couplings such as graviton-fermion antifermion, graviton-photon-photon, graviton-photon-fermion-antifermion, graviton-gluon-gluon-gluon and many others. Some attention must be paid to the gauge fixing conditions for the graviton field, which should give rise to the appropriate propagators and polarization wave functions, that must reproduce the two polarization states of the massless graviton and the five polarization states of the massive gravitons. In the case of virtual gravitons one should also pay attention to the corresponding ghost fields.
Thus, it is possible for instance to compute the amplitude of the process e + e − → γh n . The signal for this reaction would be very clear since gravitons escape from detection and then we are left just with one single photon event with missing energy and P T . Nevertheless the cross-section for producing one graviton is strongly suppressed by the Planck mass and one expects
However, if one considers the cross section for producing any KK graviton, things are completely different. As it was commented above for large R, the KK spectrum can be considered continuous. Let us define N(k) as the number of KK modes with modulus | k| of the extra dimension momentum k = (k 1 , ..., k d ) lesser or equal than k. Then, it is easy to see that
Therefore, for some given energy E, the number of available KK gravitons is
where n(E) = dN/dE is the KK states energy density. Thus, we finally arrive to the conclusion that the cross section for producing any KK graviton goes as [9] σ
and therefore it is not suppressed by the Planck mass but by the fundamental scale M D which in this framework is supposed to be of the order of the T eV . This is a very interesting property of the ADD model since it opens the possibility of having detectable gravitational interactions at the LHC. From this example based in the case K d = T d we see that total cross section for producing gravitons in the large R limit (which means continuous spectrum) depends on the KK state density n(E) i.e. on the spectrum of the KK gravitons. Thus in principle by measuring carefully the cross section for graviton production, let us say, at the LHC, it could be possible to obtain information about the spectrum which in turns could carry information about the K d (extra dimension space) geometry and topology. We can illustrate this idea by comparison between the two simple d = 2 cases K 2 = T 2 and K 2 = S 2 . As discussed above the graviton spectrum for the first case is given by
In the S 2 case the volume of the extra dimension space is given by V (S 2 ) = 4πR 2 where R is the sphere radius (note the different geometrical meaning of R in both cases). The graviton field can be KK expanded as
where Y lm (y) with y = (θ, φ) are the standard spherical harmonics and thus l = 0, 1, 2... and m = −l, ...0, ...l and the corresponding spectrum is
Therefore, as expected, the two spectra are different having different gaps and degeneracies. In the large R limit we can obtain the state densities. According to our previous discussion for the T 2 case, we get
For the S 2 case it is not difficult to find
This example shows that in the continuous limit, both the gap and degeneracy information contained in the discrete spectra, are washed out, being the two cases indistinguishable, at least from the practical point of view, as concerned to the graviton production cross-sections. For this reason, we will concentrate on the torus case, as representative of many other possible compactified extra dimension spaces.
Brane fluctuations (branons)
In this section we consider branons [10, 11] , another kind of excitations that could possibly be present in the Brane-World scenarios which are particularly interesting when the scale tension parameter f is low enough, i.e. in the case of a flexible brane. As in the previous discussion the brane lies along M 4 but to start with we will neglect the gravitons (see next section). The bulk space M D metrics will be assumed to have the general form [11, 12] 
The position of the brane in the bulk can be parametrized as
where we have chosen the bulk coordinates so that the first four are identified with the space-time brane coordinates x µ . We assume the brane to be created at a certain point in
to its ground state. The induced metric on the brane in this particular case is given by g µν =g µν = G µν . However, when brane excitations are present, the induced metric is given by
Since the mechanism responsible for the creation of the brane is in principle unknown, we will assume that the brane dynamics can be described by an effective action. At low energies the dominant term is the one, having the appropriate symmetries, with the least possible number of derivatives of the induced metric. This principle leads us to
where d 4 x √ g is the volume element of the brane. Notice that this lowest order term is the Nambu-Goto action introduced below.
In the absence of the 3-brane, the metric (44) possesses an isometry group which we will assume to be of the form
The presence of the brane will break spontaneously all the K d isometries, except those that leave the point Y 0 (the brane ground state) unchanged. The group G(K d ) is spontaneously broken down to H(Y 0 ), where H(Y 0 ) denotes the isotropy group (or little group) of the point Y 0 and we can define the coset space
When the K d space is homogeneous the little group H(Y 0 ) is Y 0 independent and H(Y 0 ) ≡ H. The coset K is isomorphic to K d and the isometries are just translations. In this case the branon fields (π), defined as Gaussian coordinates on the coset K, can be identified, with properly chosen coordinates in the extra space K d , as for example
In the following, for the sake of simplicity, we will consider only K d homogeneous spaces. According to the previous discussion, we can write the induced metric on the brane in terms of branon fields as
Introducing the metrics h αβ (π) as
we have
The above scheme leading to massless branons is only valid if the isometry pattern introduced before is exact. However, in more general situations, these symmetries are only approximately realized and branons will acquire mass [12, 13] . In order to illustrate how this could happen explicitly, let us perturb the four-dimensional components of the background metric and letg µν be dependent, not only on the x coordinates, but also on the y ones [12, 13] ,
This has to be done in such a way that the G(K d ) piece of the full isometry group is explicitly broken. Notice that the breaking of the G(K d ) group by perturbing only the internal metricg ′ mn (y) does not lead to a mass term for the branons.
In order to calculate the branon mass matrix, we need to know first the ground state around which the brane is fluctuating. With that purpose, we will consider for simplicity the lowest-order action, given by
which will have an extreme provided by
This is a set of equations whose solution Y m 0 (x) determines the shape of the brane in its ground state for a given background metricg µν . In addition, the condition for the energy to be minimum requires
which means:
i.e., the eigenvalues of the above matrix should be positive. This implies that the action should have a minimum for static configurations. In order to obtain the explicit expression of the branon mass matrix, we expandg µν (x, y) around y m = Y m 0 in terms of the π α fields:
The linear term in branon fields is written as
where ξ α are the Killing vectors corresponding to the broken generators defining the coset
not present in H. These Killig vector are normalized so that k 2 = 16π/M 2 P , being M P the four-dimensional Planck mass.
The quadratic term takes the general form
Here, we have used the fact that the action of an element of G(K d ) on K d will map Y 0 into some other point with coordinates
Substituting the above expression back in (50), we get the expansion of the induced metric in branon fields:
We have also used the fact that since π α must be properly normalized scalar fields, the Y m coordinates should be normal and geodesic in a neighborhood of Y m 0 and, in particular, they cannot be angular coordinates. This implies that we can write h αβ (π = 0) = δ αβ .
Assuming for concreteness that, in the ground state, the four-dimensional background metric is flat, i.e.g µν (x, Y 0 ) = η µν , the appearance of the V (i) α 1 α 2 ...α i µν tensors in (56) could break Lorentz invariance, unless they factor out as V
. With this assumption, the linear term V (1) αµν vanishes identically due to the condition of minimum for the brane energy (53), and the M (2) αβ coefficient in the quadratic term can be identified with the branon mass matrix. Thus we find
Notice that this expression requires that both ∂π/f 2 and M 2 π 2 /f 4 are small. This includes different types of approaches, such as low-energy expansions with small branon masses compared to f , or low-energy expansions with possible large masses and small π/f factors.
The different terms in the effective action can be organized according to the number of branon fields,
where the zeroth order term is just a constant. The free action contains the terms with two branons,
In principle one can always diagonalize the squared mass matrix M 2 αβ to obtain the physical branon fields with masses M α .
In order to study the possible phenomenological consequences of the brane fluctuations it is very important to obtain the coupling of branons to the SM particles. To this end it is enough to consider the caseg µν = η µν . Now we can proceed as in [11] , where the SM action on the brane is expanded in branon fields through the induced metric. Thus the complete action, including terms up to two branons, is given by [12, 14] 
where T µν SM (η µν ) is the SM energy-momentum tensor as defined in the case of gravitons considered in the previous section:
Notice that no single branon interactions, which will be related to Lorentz invariance breaking, are present in this action. In addition the quadratic expression in (64) is valid for any K d space, regardless of the particular form of the metricg ′ mn . In fact, the form of the couplings only depends on the number of branon fields, their mass and the brane tension. The dependence on the geometry of the extra dimensions will appear only at higher orders, contrary to the case of gravitons. Therefore branons interact always by pairs with the SM matter fields. In addition, due to their geometric origin, those interactions are very similar to the gravitational ones since the π fields couple to all the matter fields through the energy-momentum tensor and with the same strength, which is suppressed by a f 4 factor. In fact, branons couple as gravitons do, with the identification [12, 16] :
where h µν is the graviton field in linearized gravity. As in the graviton case, by using standard methods, it is possible to find the relevant Feynman rules, amplitudes and cross-section for producing branons (by pairs) in, for example, the LHC. From the discussion above, it is clear that these branons are in general massive, stable (at least the lightest of them) and, therefore, they would scape to detection, being its main signature missing energy and momentum as it is the case also of gravitons. 
Collider phenomenology: single photon channel
From the discussion presented so far it is clear that probably the most outstanding property of flexible Brane-World scenarios is the presence of two types of generic excitations, namely: KK gravitons and branons. Curiously enough the experimental signatures for producing these excitations starting from SM particles in colliders as the LHC is in both cases missing energy and transverse momentum. Therefore, finding an important number of missing energy events at the LHC, could be suggesting some chances for a BraneWorld case (note however that other scenarios like the MSSM could also produce such a signals, but in that case one expect the production of many other new SUSY particles that should also be present). The graviton production cross-section are of the order
and the branon production cross-section goes as σ B ∼ E 6 /f 8 . Therefore it is clear that, for some given extra dimension space size R, the relative production rate of gravitons and branons is controlled by the brane tension parameter f . For rigid branes (high values of f ) we expect graviton production dominance, while for flexible branes (low f ) we expect branon production to be more abundant.
In the rest of this work we will study in detail the single photon channel for producing branons and KK-gravitons at the LHC and their characteristic missing energy and transverse momentum signatures. In the first case, we need the cross-section of the subprocess→ γππ, that was computed in [15] :
where N is the number of branons (that we will assume degenerate and equal to the number of extra dimensions),ŝ
2 . p 1 and p 2 are the initial quark and antiquark four-momenta; q, the final photon four-momentum; and k = k 1 + k 2 , the total branon four-momentum. Thus, the contribution to the total cross section for the pp → γππ reaction is
Here q p (x;ŝ) andq p (y;ŝ) are the quark and anti-quark distribution functions of the proton, x and y are the fractions of the protons energy carried by the initial quark and anti-quark.
For the KK-graviton analysis, as for the branon case, we need the crosssection of the subprocess→ n γh (n) , that was computed in [9] . It can be written as
where N is the number of extra dimensions (N = D − 4), M D is associated with the fundamental gravitational scale in the D-dimensional bulk space, and we have approximated the KK masses by the continuous variable m.
We can see that the single photon cross section for KK-gravitons and for branons are very similar. The continuous KK mass plays the roll of the invariant mass of the branon pair. In fact, for N = 6 and massless branons, the cross section is identical with the identification: M 8 10 = 320 π 5 f 8 [17] . Moreover, independently of the number of dimensions and the branon mass, the angular dependence factorizes in the same way for branons and KKgravitons. Therefore, it seems difficult to distinguish between both signals by using a pseudorapidity analysis. The invariant mass study is more promising. On the one hand, the number of extra dimensions changes the power law dependence in the graviton case. Therefore, this analysis can exclude the branon explanation for a possible excess. On the other hand, a non negligible branon mass, as it would be the case of branon dark matter, introduces a lower cut in the signature that cannot be reproduced with the KK-graviton tower.
Pythia simulations
To simulate the effective vertex of our 2 → 3 processes and to estimate the experimental cuts used by ATLAS collaboration [18] we have used the general purpose event generator PYTHIA 8.175 [19] and its internal phase space selection machinery by inheriting the base class Sigma3Process [18] . We also have used the intrinsic random-number generator included in PYTHIA 8 [20] which, according to PYTHIA's documentation [19] , provides uniquely different random number sequences as long as the integer seeds remain below 900,000,000.
In both the branon and graviton cases, we have set √ s = 7 TeV and the same cuts to fit the conditions of [18] . The next conditions are required: • One isolated photon with p T > 150 GeV (transverse momentum) and pseudorapidity |η| ∈ [0, 1.37) ∪ (1.52, 2.37).
• A number of jets less or equal than one. The used clustering algorithm is the anti-kT one with a R distance parameter 0.4 GeV, a minimum transverse momentum p T > 30 GeV and a maximum pseudorapidity |η| < 4.5. Only observable final-state particles are included in the analysis. Both the high p T photon and the hypothetical DM particles are explicitly excluded. The true masses of particles are also used.
• In a cone of ∆R = (∆η) 2 + (∆φ) 2 = 0.4 around the photon the sum of the energies of all the visible particles (excluded the DM particles) is less than 5 GeV.
• A transverse missing momentum E miss T > 150 GeV. To compute it, we take into account all the visible particles with |η| < 4.9.
• The reconstructed photon, transverse missing momentum and jet (if found) are separated by ∆φ(γ, E • There are neither electrons nor positrons nor muons. This restriction applies to electrons (and positrons) with p T > 20 GeV and |η| < 2.47. And to muons with p t > 10 GeV and |η| < 2.4. However, in compliance with our simulations, the effect of this restriction over the signal is negligible although, according to Ref. [18] , it is expected to reduce the background.
The internal machinery of PYTHIA 8 has been configured with the cuts (see Ref. [18] )
• PhaseSpace:pTHatMin = 1 GeV
• PhaseSpace:pTHat3Min = 1 GeV
• PhaseSpace:pTHat5Min = 1 GeV
• PhaseSpace:RsepMin = 0.1
The three first ones set the invariant moment p T cut in 1 GeV. And the last one set the minimum separation ∆R = (∆η) 2 + (∆φ) 2 between any two outgoing partons to ∆R > 0.1.
The speed of simulation varies, so for each value of M (branons) or N (gravitons) we have generated 100 histograms in E miss T imposing that each execution take 10 hours. The variables f (branons) and M D (gravitons), since they are a multiplicative factor in the differential cross section, are introduced through a rescaling of the histogram. The only simulated hard event is our effective vertex.
We have extracted the experimental data from Ref. [18] , which corresponds to the ATLAS data of 2011, with √ s = 7 TeV and an integrated luminosity of 4.6 fb −1 . Since the effect of an increase of both f and M D is a decrease in the squared matrix element, a χ 2 test is performed to find a lowest limit in both variables for each M (or N). The experimental value of the number of detected events is taken as the measured events minus the background estimated by Ref. [18] . And the variance σ 2 , as σ 2 = σ 2 data +σ 2 background .
A confidence limit of 95% has been used. This variance enters into the chisquared analysis which allows us to set lowest limits over M D (for graviton model) and f (for branons). 
Conclusions
Our Monte Carlo computations for two models of both branon and KKgraviton are shown in Fig. 1 , along with the SM-background computation and the experimental points of ATLAS Collaboration [18] ( √ s = 7 TeV and L dt = 4.6 fb −1 ). It can be seen that no signal of any of both models is found, being the experimental points compatible with the SM background.
Thus, the main goal of our computation is giving a lowest limit in the value of f parameter of the branon model for various extra dimensions N (see Fig. 3 ). In all cases, a confident limit of 95% has been used. In order to test our model, we also compute the lowest limit in the value of M D parameter of the KK-graviton model (Fig. 2 ) and compare it with the computation of Ref. [18] .
According to Fig. 3 , although the fit is good for low values of N, our limit is overestimated for high N by a factor ≈ 15% in the worst case. However, it is remarkable that we are using a tree-level squared matrix element, while Ref. [18] uses a Next to Leading Order (NLO) calculation and it has access to a full detector simulation. In any case, our analysis provides the most constraining limits from collider experiments over the branon model.
